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Abstract 
This paper surveys the literature on the use 
of EPXMA in conjunction with (heavy metal) 
pollution studies. 
Metal-accumulating compartments are usually 
granules or vacuoles of 6 main types (i) 
extracellular, soluble and fairly pure calcium 
carbonate granules; (ii) insoluble, calcium and 
phosphorus-rich granules, of ten containing 
several metal contaminants; (iii) multi-
functional, calcium and phosphorus granules 
containing a high proportion of rather complex 
organic molecules; (iv) copper- (and sulphur) 
rich granules; (v) iron- (and phosphorus) rich 
granules; (vi) Cd, Zn, Cu and Hg - containing 
vacuoles, where the metals are presumably 
complexed with cysteine-rich metallothionein 
proteins, or their derivatives. With a few 
exceptions, types (ii)-(vi) are intracellular. 
Many of these inclusions may be associated with 
the lysosomal system, and the metals are 
sequestered by the various compartments due to 
their ligand-binding properties (i.e., whether 
they belong to Class A or Class B) and on the 
availability of pre-existing or inducible ligands 
within those compartments. Future biochemical 
analysis may change the categories presented 
here; for example, some type (iv) granules may 
well be found to contain metallothionein, and 
thus they may be more appropriately described as 
type (vi) inclusions. 
It is concluded that EPXMA provid_es unique 
multi-element information concerning the 
metabolism of essential and toxic heavy metals 
witnin cells. However, this information may be 
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Introduction 
What is pollution? 
Pollution has been variously defined, but 
most definitions are either too narrow ( because 
they are restricted exclusively to the direct 
effects of environmental contaminants on human 
health and disease processes), or too broad 
( including environments which are not polluted, 
but are 'naturally stressed' due to unusual, 
often local, geochemical or other circumstances) 
to be useful. A satisfactory definition of 
pollution has, however, been offered by Holdgate 
(1979) "the introduction by man into the 
environment of substances or energy liable to 
cause hazards to human health, harm to living 
resources and ecological systems, damage to 
structure or amenity, or interference with 
legitimate uses of the environment." 
Accordingly, pollutants include several 
categories of organic substances (e.g., domestic 
sewage, pesticides, herbicides, petroleum 
products, detergents, pathogens), inorganic 
substances (e.g., heavy metals, phosphates, 
nitrates, acids, alkalis, dusts), and physico-
chemical factors (e.g., excessive noise, heat, 
and smell) of diverse origins. Pollutants are 
seldom emitted singly. They usually exist as 
complex mixtures exerting integrative effects due 
to additive, synergistic or antagonistic 
phenomena. Furthermore, the bio-accumulation and 
subsequent effects of the primary toxins are 
frequently modified by both abiotic and biotic 
environmental variables (Ireland, 1983; Moriarty, 
1983). For these, and other reasons, it has been 
advocated that it may be more meaningful to 
monitor the concentrations of a given pollutant 
within specific biotic rather than abiotic 
components (see Phillips, 1980, and Martin & 
Coughtrey, 1982, for discussions). 
It is generally acknowledged that practical 
pollution management should ideally consist of 
systematic field and laboratory studies that seek 
to supply information concerning (a) the 
quantities, sources, transformations, chemical 
'species', and distribution of toxic substances 
entering the environment - SURVEY; (b) trends in 
pollutant concentrations and ecosystem 
transference - SURVEILLANCE; (c) the effects of 
pollutants on the community, population and/ or 
A.J. Morgan and C. Winters 
individual organisms - RESEARCH; (d) the extent 
to which the inputs, trends and effects can be 
modified, and by which means and at what cost -
MONITORING in relation to established standards. 
Concern about pollutants arises due to their 
observed deleterious effects on populations and 
communities. However, these higher-order 
manifestations are ultimately caused by 
interferences with specific biochemical and 
physiological functions within target organs and 
cells' within individual organisms (Bayne et al., 
1979; Moriarty, 1983). A fuller explanation of 
the ecotoxicological impact of pollution, perhaps 
also the prospect of more accurately predicting 
the outcome of a pollution event, requires a 
detailed knowledge of crucial cellular processes 
within individual organisms : processes such as 
pollutant transport and excretory pathways, 
sequestration and detoxification mechanisms, and 
specific cellular perturbations the 'bio-
chemical lesion' (see Cole, 1979). Electrnn 
probe X-ray microanalysis possesses certain 
unique characteristics that enable it to 
contribute significantly to the study of cellular 
responses to pollutant intrusions. 
What is electron probe X-ray microanalysis 
(EPXMA)? 
The essential characteristics of the 
technique have been detailed elsewhere (Moreton, 
1981; Morgan, 1985), and compared with other 
microprobe methods by Hall & Gupta (1983). For 
present purposes, the pertinent features are 
(a) it is histo- or cyto-chemical, in that it 
analyzes morphologically defined microvolumes, 
with an analytical resolution ranging from <vlO nm 
to a few micrometres; (b) it detects and 
quantifies elements (usually several elements, 
A.N. ~ 11, during a single analytical run), 
although incapable of distinguishing 'free' and 
'bound' phases; (c) the analysis is performed 
under high vacuum, with serious implications 
regarding specimen preparation; (d) compared with 
certain other analytical techniques, such as 
atomic absorption spectrophotometry, the minimum 
detectable limits are modest - of the order of 5 
mM kg- 1 for Ca in dehydrated tissue specimens 
(i.e., 200 ppm on a dry weight basis) - although 
the minimum detectable mass of a single element 
may be 10-l8g or less. 
EPXMA is, therefore, particularly suited to 
the study of the tissue and cellular distribution 
of highly localized heavy metal pollutants, and 
for the simultaneous partial characterization of 
the ligands with which they are associated 
( George et al., 1980b). Organic pollutants with 
non-biological 'marker' elements, such as the 
polybrominated biphenyls, could also be localized 
by EPXMA according to the principle established 
by Erasmus (1974) and Bowen et al. (1976) in 
other research contexts. Finally, given 
appropriate cryopreparative procedures, the 
technique is uniquely capable of quantitating the 
breakdown of cellular and sub-cellular 
electrolyte domains resulting from the membrane 
damage frequently caused by toxic metals and 
organic residues. 
Objectives 
First, this paper will discuss some of the 
methodological problems encountered during EPXMA 
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of heavy metal pollutants in biological tissues. 
Second, the published literature on the use of 
EPXMA in a variety of pollution studies, but 
excluding disease-related and forensic aspects, 
will be surveyed. Third, an at tempt will be 
made, partly for heuristic purposes, to 
demonstrate how the EPXMA observations complement 
other ecological, morphological, and biochemical 
approaches to enhance our knowledge of toxic 
metal accumulation and detoxification within sub-
cellular compartments. Fourth, some of the 
technical and biological issues raised will be 
illustrated by reference to specific 
ecotoxicological examples. Finally, a few 
suggestions will be made concerning some of the 
areas of pollution study where EPXMA can be 
applied to further advantage. 
Methodological Considerations 
EPXMA has been used almost exclusively for 
locating heavy metals, as opposed to organic, 
pollutants in biological tissues. At least two 
technical problems must be addressed in such 
studies. 
Specimen preparation 
Literature reviews (Morgan, 1979, 1980; 
Morgan et al., 1978) indicate that heavy metals 
are liable to be extracted during wet chemical 
preparative procedures. Several toxic metals are 
detoxified in specific cell types of most animal 
phyla by accumulation in discrete granules 
(Simkiss, 1976, 1977, 1979; Coombs & George, 
1978; Mason & Nott, 1981; Brown, 1982; Morgan, 
1984). It is not advisable to assume that 
materials are not leached even from these 
relatively insoluble structures during fixation, 
resin-embedding, etc. ( see Mason et al., 1984; 
Pirie, 1984). A number of different methods have 
been used in attempts to minimize heavy metal 
leaching from biological specimens. These 
include immobilizing the metals by saturating 
the aqueous preparative media with sulphide ions 
(George et al., 1976, 1978; Prosi et al., 1983; 
Lyon & Simkiss, 1984; Pirie et al., 1984; Thomson 
et al., 1985); thin, air-dried smears of 
appropriate soft-tissues (Kuypers & Roomans, 
1979; Baxter & Jensen, 1980; Fischer & Trombitas, 
1980; Pedersen et al., 1981; Bell et al., 1982; 
Morgan, 1982, 1984; Morgan & Morris, 1982; 
Rachlin et al., 1984); unfixed, smeared granule 
extracts (Howard et al., 1981; Simkiss et al., 
1982 b); unfixed, frozen-dried, resin-embedded 
cell monolayers ( Sigee & Kearns, 1982a; Sauer & 
Watabe, 1984); unfixed cryostat sections, 
subsequently air-dried (Morgan & Davies, 1976; 
Morgan, 1981; Morgan & Morris, 1982), or freeze-
dried (Wroblewski et al., 1979), or freeze-dried 
and microincinerated at high or low temperatures 
(Mason & Nott, 1980; Mason & Simkiss, 1982; 
Mason, 1983); ultrathin cryomicrotomy of unfixed 
tissue specimens followed by 'external' freeze-
drying (George & Pirie, 1979, 1980; George et 
al., 1980 b; Morgan & Winters, 1982; Mason et 
al., 1984), or cold-transfer of somewhat thicker 
sections and analysis in the fully-hydrated state 
(Gupta & Hall, 1984). 
To some extent, the method of preparation 
chosen depends on the specific objectives of a 
X-ray microanalysis of pollution 
Table 1 Examples of 'normal', non-pollution accumulations of heavy metals detected by 
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Moss & Gibbs (1979) 
Brook et al. (1980) 
Gooday & Nott (1982) 
Kearns & Sigee (1979, 1980) 
Sigee & Kearns (1980, 1981a, 
1981b, 1981c, 1982a, 1982b) 
Gupta & Hall (1984) 
Brown (1982) 
Morgan (1984) 
Bryan & Gibbs (1980) 
Gibbs & Bryan (1980) 
Gibbs et al. (1981) 
Hillerton & Vincent (1982) 
Bell et al. (1982) 
Pirie & Bell (1984) 
Rowley (1982) 
Buchanan et al. (1980) 
Elmes & Jones (1981) 
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Pb & Zn 
given investigation. However, 'state of the art' 
ultracryotomy, coupled with cryotransfer and in-
column freeze-drying on a cold-stage, is becoming 
a routine procedure (Barnard & Hagler, 1984; 
Parsons et al., 1984) that circumvents some of 
the structural and/or analytical compromises 
associated with alternative techniques. Further-
more, good cryopreparative procedures allow the 
simultaneous quantitative analysis of the effects 
of pollutants on intracellular electrolyte 
gradients, 
Quantitation 
Heavy metals pollutants such as cadmium, 
lead, and mercury possess complex energy spectra 
that overlap certain 'biological element' peaks 
in the energy range 1-4 keV. Qualitative inter-
pretation of energy spectra derived from metal-
contaminated biological specimens should 
obviously be mindful of this fact. Reliable 
quantitative analysis of heavy metals requires 
efficient peak deconvolution routines. 
Good standards are required for EPXMA 
quantitation. For thin specimens, there is the 
choice of organometallic compounds dissolved in 




wet chemical Qureshi & Stokes (1985) 
wet chemical Halvorsen et al. (1978) 
wet chemical Skaar et al. (1973) 





Mullins et al. (1985) 
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1979), simple inorganic salts dissolved in 
aminoplastics (according to the method of Roos & 
Barnard, 1984), metal-loaded ChelexlOO ion-
exchange beads ( de Bruijn, 1981), and lithium 
borate glasses (Fiori & Blackburn, 1982). These 
various standards may be loaded with useful 
concentration ranges of several metals, and are 
ideal for the quantitation of plastic embedded 
specimens. A recent paper (Roos & Morgan, 1985) 
demonstrated that aminoplastic standards could 
also serve as valid standards for quantifying 
thin cryosections. However, it is more usual to 
prepare cryostandards for such analytical studies 
(e.g., Hagler et al., 1983). 
Non-pollution metal accumulations in biological 
systems 
Essential metals such as Fe, Cu, and Zn 
participate in many key metabolic pathways, and 
yet they may also be cytotoxic above certain 
threshold concentrations. For this reason, these 
metals are frequently sequestered intra-
cellularly, as shown by EPXMA (Table 1), as 
physiologically-available discrete compartments. 
A.J. Morgan and C. Winters 
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Cd, Zn, Cu •••••.• 
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Brown (1977, 1978) 
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Balvay (1978) 
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Examples also exist of the involvement of 
divalent heavy metals as structure promoters in 
various skeletal materials. It is obviously 
important to distinguish between these functional 
metal reservoirs and those metal accumulations 
resulting from environmental elevations or 
pollution. This problem is accentuated due to 
the fact that the storage and detoxification loci 
often coincide, particularly in invertebrate 
cells. 
Particulate pollutants in human tissues 
EPXMA has been used extensively for the 
characterization of particulates originating from 
industrial/manufacturing sources and deposited in 
the tissues of exposed workers. Inhaled fibres 
deposited in lung have attracted most attention 
(e.g., Gullvag et al., 1980; McDonald et al., 
1982; Gylseth et al., 1983; Vanoeteren et al., 
1985) because of the serious histopathological 
consequences of such exposures. This application 
area of EPXMA in industrial hygiene is somewhat 
specialized and will, therefore, not be discussed 
further in this paper. 
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(?) wet chemical+ Prosi & Back (1985) 
sulphide 
precipitation 
Survey of the literature 
EPXMA has been used extensively for the 
localization of heavy metals within the tissues 
and cells of a wide range of aquatic and 
terrestrial organisms (Tables 2-6). Most of the 
published studies have been descriptive, and 
where the microprobe has been used as an adjunct 
to a morphological investigation of a system. 
For this reason, a majority of the studies 
employed wet chemical preparative procedures; 
only a limited number of laboratories have 
hitherto used anhydrously-prepared specimens 
(either simple air-dried smears, at one extreme, 
or more optimal cryopreparations, on the other) 
for their metal location determinations. Even 
fewer laboratories have applied EPXMA 
quantitatively. It is obviously difficult to 
estimate the effect of the fixatives, etc., on 
the qualitative composition of the diverse metal-
rich deposits described by the various authors. 
A comparison of analogous structures on the same 
or closely-related species, and prepared for 
EPXMA by different methods, does reveal a 
X-ray microanalysis of pollution 
remarkable measure of consistency which suggests 
that, for some structures at least, the extent of 
the chemical compromises may not be large. 
However, this conclusion may only apply to those 
structures which are primarily inorganic and 
which are, almost by definition since they may be 
the terminal compartment of intracellular metal 
detoxification, highly insoluble. The integrity 
of other compartments, containing metals as 
protein-metal complexes, may not be as resistant. 
From the wealth of literature summarized in 
Tables 2-6, a number of general patterns emerge : 
Granules and vacuoles 
Metals are accumulated to very high 
concentrations within discrete "granules" or 
vacuoles in many different cell types in most 
living organisms. The tissue distribution, 
composition, size, morphology, function, and 
possibly the origin and fate of these structures 
is extremely varied (Brown, 1982). Nevertheless, 
based largely on compositional information, at 
least 6 different metal-accumulating structures 
can be recognised. 
Type l consists of almost pure calcium 
carbonate, it is relatively soluble, formed 
extracellularly, does not usually accumulate 
heavy metals other than calcium analogues such as 
sr2+ or Mn2+, and may represent a mobile calcium 
reservoir accessed during shell formation and re-
generation in molluscs and (possibly) crustacea, 
and for acid-base homeostasis (Simkiss 1976 
1981a; Mason & Nott, 1981; Graf & Meyra;, 1983; 
Meyran et al., 1986). ~ may have a mixed 
composition, although fundamentally calcium and 
phosphate rich, and are relatively insoluble. 
Lead and zinc are frequently accumulated within 
phosphate-containing granules. Type 2 granules 
undoubtedly participate in the detoxification of 
calcium (Simkiss, 1977) and heavy metals, 
including Pb, Zn, Fe, Co, Sn, Ag (Simkiss, 
1981a); the identification of highly insoluble 
pyrophosphate in the type 2 granules present in 
the hepatopancreas of the terrestrial snail, 
Helix aspersa, whilst not an established general 
phenomenon, confirms the efficacy of these 
granules for detoxification functions (Simkiss, 
1981a, 1981b; Simkiss et al., 1982b). ~ is 
exemplified by the so-called chloragosomes of 
earthworms, which are calcium and phosphate rich 
(also zinc-rich in most earthworm species 
Morgan, 1982, 1984). Chloragosomes are unusual 
structures because their inorganic fraction is 
relatively low (20% of dry weight, compared to 
90%), and they participate in both metal 
detoxification and several disparate biochemical/ 
physiological functions, including acid-base 
balance (Prentf, 1979; Morgan, 1984). Type 4 
granules are copper and sulphur-rich. Copper 
appears to be associated almost exclusively with 
sulphur-containing ligands when it is accumulated 
to high concentrations within cells. There are 
numerous examples of this shown in Tables 3-6; 
other examples from non-polluted systems are seen 
in the insect midgut (Tapp, 1975; Tapp & 
Hockaday, 1977) and fat body (Marshall, 1983). 
The chemical form of the sulphur within many of 
these granules has not been determined; when this 
has been accomplished, it is likely that some of 
these 'granules' will be redesignated as 'type 6' 
739 
inclusions. Type 4 granules can accumulate high 
concentrations of metal contaminants such as Zn, 
Cd, Pb (Hopkin & Martin, 1982a, 1984; this paper) 
and Hg (Ballan-Dufrancais et al., 1980; Jeantet 
et al., 1980). ~ are iron and phosphate 
rich. They may not be very widely distributed. 
A good example are the iron-rich, multi-vesicular 
deposits found in the B cells of terrestrial 
isopods, which can also accumulate Zn and Pb 
(Hopkin & Martin, 1982a, 1984a; Morgan, 1984) and 
the extracellular ferric phosphate granules in 
echinoderms (Buchanan et al., 1980). ~ are 
vacuolar structures belonging to the lysosomal 
system. They accumulate Cd, Hg, and possibly Cu 
and their matrix is sulphur-rich, and consists of 
cysteine-rich metallothionein proteins or their 
derivatives (George & Pirie, 1979; Janssen & 
Scholz, 1979; Ballan-Dufrancais et al., 1980; 
Jeantet et al., 1980). Until recently, cadmium 
was believed to be sequestered almost exclusively 
by cytosolic ligands and proteins (Coombs & 
George, 1978). Subsequent biochemical (George et 
al., 1979, 1980a) and EPXMA (George & Pirie, 1979; 
Ballan-Dufrancais et al., 1980; Jeantet et al., 
1980; Morgan & Morris, 1982) observations on 
marine and terrestrial invertebrates suggest that 
the major proportion of the cell Cd burden is not 
bound to soluble cytosolic proteins, but is 
compartmentalized within membrane-limited 
vacuoles (Fig. 1). 
Metal compartmentation 
The Simkiss group has initiated a number of 
challenging new discussions concerning the fate 
of metal pollutants within individual organisms, 
and they present new perspectives to the problem 
of using organisms as biomonitors of metal 
pollution. Firstly, they have suggested (Simkiss 
& Taylor, 1981) that it is hardly surprising that 
we possess an incomplete appreciation of the 
effects of metal pollutants on organisms, since 
we do not fully understand the assimilatory, 
transporting, regulatory and excretory systems 
that ensure the deli very of essential metals to 
the correct tissue and cellular sites in their 
required configurations. Secondly, does the bio-
accumulation of toxic metals and their deposition 
within specific organelles prove that these 
structures represent a detoxification system 
( Simkiss et al., 1982a), or do the metals enter 
and accumulate non-specifically via pathways used 
by normal metabolites (Mason & Simkiss, 1983)? 
In response to some of these questions, Simkiss 
et al. (1982a) presented some criteria that may 
be useful for establishing whether a system is 
involved in detoxification or not (a) Do the 
activities of this system enhance the tolerance 
of the organism to the toxicant? ( b) Does the 
presence of the toxicant increase the activity of 
the system? (c) Is the presumptive de-
toxification system compartmentalized or 
polarized in some tissue or cell so that the 
level of toxicant in the body is minimized? (d) 
Is the toxicant excreted due to the activities of 
the system? In this paper, it is pertinent only 
to consider the question of metal compart-
mentation. Compartmentation can, in fact, be 
distinguished at 3 levels : 
Organ/tissue compartmentation of metals 
When organisms are exposed to mixed 
A.J. Morgan and C. Winters 
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Carmichael & Fowler 
(1978); Carmichael 
et al. (1979) 
George & Pirie (1979) 
(see also : George 
et al. 1980b) 
George & Pirie (1980) 
Marshall & Talbot 
(1979) 
Schulz-Baldes (1978) 
Schulz-Baldes et al. 
(1978) 
Thomson et al. (1985) 
George et al. (1978) 
(see also : George 
et al. 1980b) 
unfixed, freeze- George and Pirie (1980) 
dried, cryo-
sections 









Mason et al. (1984) 
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Hopkin & Nott (1979) 
Icely & Nott (1980) 
Walker et al. (1975a) 
Walker et al. (1975b) 
Walker (1977) 
Thomas & Ritz (1986) 
* The metals occur in either discrete "granules" or vacuoles. 
environmental toxication, it is found that 
particular tissues accumulate differing amounts 
of specific metals; certain tissues contain an 
extremely high proportion of the body burden 
(e.g., Mason & Simkiss, 1983; Hopkin & Martin, 
1982b; Hopkin & Martin, 1984b - Table 7). The 
reason that a particular metal is accumulated in 
a particular tissue (e.g., zinc in sub-cuticular 
tissue of L. forficatus Table 7) is often 
because that tissue contains ligands capable of 
binding that metal. For example, Pb is 
accumulated within the phosphate-rich granules of 
the chloragogenous tissue of earthworms, but not 
in the calcium-carbonate containing calciferous 
glands of the same animals (Morgan & Morris, 
1982; Morgan, 1984). (Note, that in contrast to 
the calcium phosphate granules, calcium carbonate 
granules are formed extracellularly by processes 
producing a supersaturated carbonate solution in 
a membrane-limited invagination of the plasma 
membrane, thus enabling the precipitation of 
calcium carbonate.) However, the influence of 
the organisms' physiology on metal assimilation 
should not be over looked in this regard. 
Centipedes appear to assimilate but a small 
proportion of their dietary Pb (Hopkin & Martin, 
1984b; Morgan et al., 1986). A second general 
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consideration is that the accumulation of two or 
more metals within the same organ or tissue does 
not necessarily imply that they compete for 
similar ligands. The tissue may contain ligands 
possessing differing metal-affinity properties 
enclosed within different cells, or within 
different sequestration compartments in the same 
cells (Mason & Simkiss, 1983). 
Cellular compartmentation 
There are many examples of the accumulation 
of different metals in different cell types 
within the same organ or tissue. Two examples 
will suffice for present purposes (Tables 3-6). 
First, the hepatopancreas of terrestrial isopods 
contains two epithelial cell types : the small$-
cells normally containing homogeneous Cu/S 
granules, and the large B-cells containing multi-
vesicular Fe/P granules. Second, the oyster 
Ostrea edulis contains 3 types of amoebocytes 
each of which can penetrate all of the body 
tissues one type contains Zn/P granules, a 
second type contains Cu/S granules, and a third 
contains Cu + Zn/S granules (Pirie et al., 
1984). The distribution of metals within these 
various cells is clearly a reflection of the 
chemical properties of the metals themselves, 
combined with the availability of specific 
A.J. Morgan and C. Winters 
















































Pb, Zn, Ca ••.•••• 
Cd., •• ,, •• ,.,, ••• 
(separate 
'compartments' in 
the same cells) 
Pb, Zn, Ca •••••.• 
Mn, Ca •••••••••.• 
(injected Mn; not 
environmental 
pollution) 
Ba, Pb, Cd, Hg 
Hg, Cu, Zn ....... 
s cells •..••• zn, Cd, Pb, Cu ••• 
8 cells •.•• , ,Zn, Pb, Fe •••.••• 
ligands within the cells. However, in the case of 
the isopod hepatopancreas, cellular metal discri-
mination does not hold for metal toxicants of 
differing properties; Pb and Cd are accumulated 
in the phosphate-rich and sulphur-rich granules, 


















Gullvag (1978a, 1978b) 
Ireland & Richards 
( 1977) 
Morgan (1984) 
Morgan & Morris (1982) 
Morgan JE (1985) 
whole mounts Howard et al. (1981) 
of extracted 









Simkiss et al. (1982a) 
Jeantet et al. (19714) 
Ballan-Dufrancais 
et al (1980); 
Bouquegneau et al. 
(1985); 
Jeantet et al. (1980) 
Hopkin & Martin 
(1982a, 1984a); 
Morgan (1984) 
(continued on next page) 
of cellular discrimination towards thE stored 
essential metals Cu and Fe; although Zn, an 
essential metal with a wide range of b:ii.ological 
activities (Williams, 1984), is accumulated from 
heavily contaminated environments and en~ers both 
hepatopancreatic cell types. How do the 
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midgut Zn, Ca ••.•..••••• 
epithelial 
cells 
midgut Zn, Ca, Cu •••••.• 
epithelial 
cells 
toxicants utilize or bypass the membrane metal-
transport mechanism? In the case of Ostrea 
edulis, the distinct metal-containing amoebocytes 
may represent a species-specific adaptive 
response to the selection pressure of prolonged 
exposure to Cu and Zn pollution (George et al., 
1984), because two oyster species (Ostrea angasi 
and Crassostrea ~) from similarly polluted 
environments contain but a single amoebocyte type 
with Cu+ Zn granules (Pirie et al., 1984). 
Another aspect of cellular metal-binding is 
that the ligands the metals are bound to may 
respond differently when exposed to certain 
toxicants. Some ligands may bind a range of 
metals fairly indiscriminately; others may 
conserve their metal-specificity; others may be 
inducible by pollutants (Table 8 - Mason et al., 
1984). Some metal inclusions may, of course, 
contain a mixture of different ligands and may, 
therefore, be capable of selectively binding 
different rretals. For example, there is evidence 
that Ca is associated with P in earthworm 
chloragosorres, but that Zn is associated with 
another (uncharacterized) component (Prento, 
1979; Morgzn, 1981). 
Intracellular compartmentation 
Some cells possess distinct metal 
discrimination/accumulation pathways. For 
example, earthworm chloragocytes possess Ca, Pb 
and Zru-Clntaining phosphate-rich granules 
(chloragoscmes) and Cd-containing sulphur-rich 
vesiculair structures (cadmosomes) (Morgan & 
Morris, 1/82; Fig. 1). The sequestration 
properties of these two compartments clearly 
reflect ~he binding properties of their ligands. 
A number of questions arise. First, are both the 
chloragosones and cadmosomes detoxification 
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assumed that the cadmosomes contain an inducible, 
cysteine-rich, metallothionein-like protein, and 
do, therefore, represent a detoxification 
system. There is no evidence to demonstrate that 
chloragosome synthesis is induced by the presence 
of Pb; the metal may enter the system via Ca -
transporting pathways, and is probably 
accumulated by Ca-displacement from the phosphate 
containing matrix (Morgan, 1984). Whether the 
chloragosomes can be described as a specific 
detoxification system or not, they presumably, 
and very effectively, reduce the free Pb2+ levels 
within the cell to allow the haem synthesis 
pathway within the chloragocytes to continue 
functioning without serious impairment. 
EPXMA observations tend to suggest that the 
metal binding inclusions within cells are 
structurally and functionally discrete entities. 
However, these various granules and vacuoles may, 
in some cases, represent the common terminus for 
one or more converging but quite distinct metal 
detoxification pathways. In other instances, the 
structures may represent stages in the 
'maturation sequence' of a single metal-
sequestration pathway. Thirdly, a granule may 
contain a mixed-ligand composition. These 
possibilities are not mutually exclusive, and may 
explain some of the compositional heterogeneity 
noted within populations of certain granule types 
in a given species. 
Some clues regarding the complexities of 
"granule" formation and function have emerged 
from a correlation of EPXMA and ultra-structural 
findings with appropriate biochemical 
investigations on the kidney cells of the marine 
mussel, Mytilus edulis (George, 1983a, 1983b, 
1984; George & Pirie, 1979, 1980; George et al., 
1979). These, together with other studies on a 
A.J. Morgan and C. Winters 
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variety of different invertebrate cells (e.g., 
Ballan-Dufrancais et al., 1980; Jeantet et al., 
1980; Viarengo et al., 1984; Lyon, 1984; 
Boquenageau et al., 1985), conclusively show that 
Zn, Cd, Cu and Hg are sequestered by inducible 
cysteine-rich metallothionein proteins 
(Roesijadi, 1981; Cain, 1984) and localized 
within components of the lysosomal system. The 
major sequence of events in Cd metabolic pathways 
within Mytilus kidney cells (George, 1983b) are : 
(a) Cd uptake by the cells is regulated by the 
concentration of free ligands; (b) the presence 
of intracellular Cd induces the synthesis of 
metallothionein; (c) metallothionein-Cd complex 
is then incorporated into primary lysosomes; Cd 
is then released due to prevailing acid 
conditions within secondary lysosomes; (d) the 
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increased pH Cd is bound to other intralysosomal 
ligands; ( f) the 'aged' or tertiary lysosomes 
contain an excess of metal-binding groups, and 
through a combination of leaky membranes and 
lipid peroxidation, they become "chelation-sinks" 
for a number of weakly bound cytoplasmic metals. 
This sequence explains why the kidney granules of 
M. edulis contain Fe, Pb, Zn and Cd (George & 
Pir~80). A similar sequence of events may 
take place in other metal accumulating cells, 
e.g., the chloragocytes of earthworms which have 
recently been shown by quantitative EPXMA of 
cryosections to contain a mixed population of 
metal-containing inclusions some inclusions 
contain Ca+ Zn+ Pb+ P, others contain Cd+ S, 
others Pb + Zn + Cd + P + S (Morgan, Roos & 
Kinde, unpublished). 
A hypothetical scheme of the metabolic 
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events that may take place in certain cells 
confronted by a mixture of different metal 
toxicants, and furnished with a battery of 
appropriate pre-existing and inducible ligands 
(Mason et al., 1984) is illustrated in Fig. 3. 
This scheme is largely speculative; much more 
experimental work employing quantitative EPXMA 
and complementary techniques is required before 
the model is confirmed, and whether it represents 
a general response to mixed metal-toxication in a 
wide range of cells. 
Heavy metals and ligands 
The term 'heavy metal' has been used 
throughout this paper, although it is more bio-
chemically meaningful to classify metals 
according to their equilibrium constants for 
metal-ion-ligand complexes (Ahrland et al., 1958; 
but for a biological interpretation and 
explanation of this classification, see Simkiss, 
1981 b; Simkiss & Taylor, 1981; Simkiss et al., 
1982a). On this basis, metals can be divided 
into Class A (' hard acid') and Class B ('soft 
acid'). Class A metals (e.g., Ca, Mg, Mn, Sr, 
Pb) show preferences for ligands in the sequence 
0 > N ::>S; Class B metals (e.g., Cd, Cu, Hg, 
Zn) show preferences for S :;:, N :;:, 0 ( Simkiss, 
1981b). 
An examination of the published EPXMA data 




Figure 1 Two distinct metal sequestering 
compartments in the chloragocytes of the earth-
worm, Lumbricus rubellus, living in soil heavily 
contaminated with Pb, Zn, and Cd. A= TEM of an 
air-dried smear of the chloragog tissue, showing 
the very dense chloragosome granules (G), and the 
somewhat paler vesicular inclusions, called 
"cadmosomes" (V). B = Energy spectrum derived 
from a cadmosome, showing the presence of Cd and 
Zn; Pb was, significantly, not detectable in 
these inclusions. C = Energy spectrum from a 
cadmosome confirming the presence of Cd (with its 
characteristic L-peaks) and sulphur. D = Energy 
spectrum from an adjacent chloragosome granule; 
note the presence of Pb, P, Zn, and Ca. 
Morgan, 1984; Tables 1-6) shows that metals 
conform rather well to this classification. Pb 
is usually found alongside Ca, another Class A 
metal, in phosphate-rich inclusions; Cu, Cd and 
Hg are usually found within sulphur-rich 
inclusions. Zinc confirms its intermediate 
status as a 'borderline' metal, according to 
Nieboer & Richardson's (1980) scheme, by being 
trapped by both types of ligands. These general 
observations underline the importance of the 
multi-element analysis capability of EPXMA for 
cellular studies of metal metabolism and de-
toxification. 
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The effects of metal pollutants on cells 
Surprisingly, few investigations have 
exploited EPXMA to localize metal toxicants and 
to measure changes in the electrolyte 
concentrations of identifiable domains within 
target cells (Tables 2-6), even though a number 
of metals are known to disrupt membranes and 
their regulatory functions (Jernelov et al., 
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Figure 2 : The morphology and microprobe analysis 
of certain metal inclusions in the hepatopancreas 
of terrestrial isopods. A TEM micrograph 
showing adjacent B-cell (B) and S-cell (S) 
containing iron/phosphorus (Fe) and 
copper/sulphur (Cs), respectively, in o. 
asellus. B = Finely granular cuprosomes (Cs) in 
0. asellus. C Multi-vesicular iron-rich 
granules (Fe) in a B-cell. D = Unfixed, freeze-
dried, cryosection showing the cuprosomes (Cs) in 
the S-cell of Porcellio scaber from a disused 
mine site contaminated wit~Zn, and Cd. E = 
Energy spectrum from a single cuprosome in cryo-
sectioned 0. asellus hepatopancreas from a 
control, uncontaminated, site. Note the presence 
of major Cu and S peaks in the inclusions. F = 
Energy spectrum from a cuprosome in cryosectioned 
0. asellus hepatopancreas from the polluted mine 
site; note the presence of Pb, Zn, and Cd in the 
inclusion, plus a much reduced Cu signal (cf. 
"E"). G = Energy spectrum from a cuprosome in 
cryosectioned hepatopancreas of P. scaber from 
the same polluted site as "F". Note the much 
lower Pb, and higher Zn, signals compared to the 
o. asellus inclusion. H = Histogram comparing 
the relative mass fractions (Peak areas/Continuum, 
where the contributions of the support film, 
grid, specimen holder have been subtracted by 
LINK Systems Quantem FLS software) determined for 
Pb(L-line), Zn(K-line), and Cu(K-line) in cryo-
sections of the hepatopancreas of o. asellus 
(Control and Polluted sites) and P. scaber 
(Polluted site only). Note that, first, there 
are very distinct species differences in the 
metal concentrations in the cuprosomes, and these 
reflect the whole-body metal burdens ("I"). 
Second, a comparison of the cuprosomes of o. 
asellus from the control and polluted sites 
suggests that the accumulation of Pb and Zn 
reduces the Cu content of the inclusions. This 
does not necessarily imply competitive binding of 
metals within the matrix of the inclusion. Since 
there is a well established positive relationship 
between the copper concentration of soil (and 
especially of litter) and the copper concen-
tration of terrestrial isopods (Weiser et al., 
1976, 1977), and particularly since the two 
populations of 0. asellus examined by us were 
exposed to similar copper levels (control= 26.60 
± 1.17 µg/g d.w.; polluted= 32.02 ± 0.38 µg/g 
d.w.), there are two possible explanations for 
the observed differences in copper concentrations 
of the cuprosomes : (a) that Pb and Zn blocked 
the uptake of Cu into both the cells and 
individual compartments; or (b) that more 
cuprosomes/cell are present in the polluted 
animals, and that the total cell content of Cu is 
unchanged but distributed between the enlarged 
cuprosome 'compartment'. The second possibility 
is the most likely. I = Mean metal concen-
trations (Pb, Zn, Cd) in the whole bodies of 0. 
asellus and P. scaber from the polluted site, and 
determined by A.D. Note the significant 
differences in Pb and Zn, which correspond with 
the cuprosome micro probe measurements ( "H"). 
(Evidence that the hepatopancreas is the major 
depository of heavy metals in terrestrial isopods 
is presented by Hopkin & Martin, 1982b). 
A.J. Morgan and C. Winters 
Table 7 Heavy metal distribution in the 
centipede, Lithobius forficatus samples 
from a site heavily contaminated with 




























Mean Metal concentrations 
(n mol/g dry weight) 
Cd Pb Cu 
4.9 13.5 122 
9.8 26.S 968 
6.7 18.3 1589 
0.6 1. 7 260 
20.6 7.2 165 
30.2 LS 392 
27.4 1.4 153 
412.0 196.0 3289 
8.9 24.1 867 
13.6 2.9 197 
Table 8 A tentative classification of the main 
metal inclusions in the various cell 
types of the periwinkle, Littorina 
littorea (Mason et al., 1984) 
Cell type Elements compared Type of ligand 
Basophil cell Zn: P Pre-existing 
Ctenidial cell ••... Cu 
Nephrocyte .•...••.• Zn 
• , •. , , , .• Zn 
Pore cell .......... Cu 
Connective 
tissue 



















1978). Exceptions are provided by the work of 
Kuypers and Roomans (1979) on the effect of Hg on 
~ loss from yeast cells, and Kendall et al.'s 
(1983, 1984) description of changes in Na+, K+ 
and sulphur in mouse kidney tubular cells in 
response to low Cd-doses. 
Changes in the composition of certain 
granules due to the incorporation of 'foreign' 
148 
metals have been recorded, although this must be 
a widespread phenomenon, For example, Pb reduces 
the Ca concentration of earthworm chloragosomes 
(Morgan, 1984; Morgan & Morris, 1982; Morgan, 
J.E., 1985), whilst Zn, Cd and Pb incorporation 
apparently reduces the Cu content of the S-cell 
"copper granules" in isopod hepatopancreas (Fig. 
2), even though the solubility products of, for 
example, the sulphides (cupric sulfide = 8.5 x 
10-45, 18°C; cadmium sulfide= 3.6 x 10-29, 18°C; 
lead sulfide= 3.4 x 10-28, 18°C; zinc sulfide= 
1.2 x 10-23, 18°C; Weast, 1974) and the overall 
stability constants for (mammalian) 
metallothionein (Cu-MT = 1019 to 1017, Cd-MT = 
1017 to 1015, Zn = 10 14 to 1011; Hamer, 1986) 
would tend to vitiate against this. Not enough 
is known about the physiology of organisms to 
understand how these metal-metal interactions may 
affect the metabolism of the essential metals. 
However, in the case of the isopod hepato-
pancreas, there is qualitative evidence 
indicating that the number of cuprosomes is 
much increased in the S-cells of animals exposed 
to high concentrations of environmental 
pollutants (Hopkin & Martin, 1984). Clearly, 
there is much scope for combining quantitative 
EPXMA with morphometry of particular metal-
accumulating systems. 
Conclusions 
EPXMA has been used fairly intensively for 
the study of certain cellular aspects of metal 
pollution. The technique has a number of out-
standing advantages, as well as some limitations, 
for such applications : 
Advantages 
(a) All elements are essentially measured 
simultaneously during a single analytical run, so 
that several metals and their binding ligands may 
be measured at single intracellular loci, plus 
the concentration of naturally occurring lighter 
elements within the same or adjacent loci. (b) 
Only small amounts of tissue are required for the 
analysis. If it could be established that the 
concentration of a metal toxicant within a given 
cellular inclusion bore a relationship to 
environmental concentrations of the toxicant, 
then EPXMA would obviously be of major 
significance for biomonitoring using such 
organisms as zoo- and phyto-plankton. Techniques 
already exist (Morgan, 1983) for the microprobe 
analysis of microdroplets of suitably solubilized 
small solid samples; this technique has been 
successfully used for determining the composition 
of acid-digested pure pellets of metal-rich 
intracellular inclusions (e.g.,, George & Pirie, 
1980). (c) The technique is quantitative, and 
offers the possibility of determining differences 
in the composition of metal inclusions due to 
environmental (e.g., degree of pollution, pH 
effects, salinity effects, inter-metal 
competition) and biological variables (species 
differences, organism age and sex, reproductive 
status, etc.), 
Disadvantages 
(a) The technique is relatively insensitive, 
with a minimum detectable limit :;;, 200 ppm for 
most elements compared with, for example, atomic 
X-ray microanalysis of pollution 
absorption spectrophotometry which is capable of 
analysis in the 10-l ppm range or better. 
Therefore, EPXMA cannot identify and characterize 
cytosolic metals and their binding ligands. (b) 
The technique detects elements, so it is unable 
to furnish much information concerning the 
organic nature of metal-molecule complexes. 
Neither does it reveal the nature of the bonds 
involved. (c) Unless used in conjunction with 
specific metal "probes" (e.g. Sr and Mn for Ca; 
Cs and Rb for K), it does not provide information 
concerning the fluxes of metals, and of the 
relationship of their identifiable accumulating 
compartments, within individual cells. 
Recommendations 
George et al. (1984) concluded a brief 
review of their EPXMA, ultrastructural and bio-
chemical studies of metal accumulation in marine 
bivalves by stating "These studies underline 
the importance of simultaneous measurement of all 
interacting metals and knowledge of the cellular 
localisation of metals (i.e., correlation of 
structure and biochemistry), if a meaningful 
interpretation of the data is to be made." In 
other words, EPXMA is an ideal complement to 
certain other techniques; it provides unique 
information; the value of this information is 
much enhanced if supported by, for example, eco-
physiological, morphological, morphometric, and 
biochemical input. 
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Discussion with Reviewers 
S.G. George The subject of intracellular 
speciation of metals is a very complex one to 
understand. Preferential binding of metals to 
organic ligands is generally related to the 
Irving-Williams series of metal-binding constants 
and properties of the metals as hard or soft 
Lewis acids. However, in a "multi-metal" 
situation, the law of mass action can override 
these stability constants. The other features 
which must not be overlooked are the co-ordinated 
geometry of multi-ligand binding which can 
enhance selectivity, and possible subsequent 
polymerization/precipitation which prevent 
reversibility of the reactions. 
Authors : We thank Dr. George for these apposite 
observations. Those unfamiliar with the concept 
of Lewis acids and Lewis bases are referred to 
the introductory text : Fiabane A.M. and Williams 
D.R., 1977 - The Principles of Bio-inorganic 
Chemistry. The Chemical Society, London. Part 
of this classification is presented for 
illustrative purposes in the following Table 9 : 
"Hard" acids prefer to bind to "hard" bases, and 
"soft" acids prefer to bind to "soft" bases; the 
most stable complexes are formed between either 
hard acids and hard bases or between soft acids 
and soft bases. Stability is also increased if 
there are two or more binding sites simul-
taneously available on a ligand. 
Whilst it is clearly instructive to consider 
the cellular accumulation of metals in inorganic-
chemistry terms, the involvement of dynamic 
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Table 9 Classification of some cations and bases. 
"Hard" cations H+ Li+ Na+ K+ Mg2+ ca2+ 
Mn2+ cr3+ Fe3+ co3+ 
"Hard" bases OH- c1- P04 3- so4 2- N03-
coi-





cu+ Ag+ Au+ Cd2+ 
RSH Rs- RzS H- I-
cellular processes (albeit little understood) in 
these mineralization and detoxification pathways 
should not be relegated to a level of secondary 
importance. 
D. Sigee : The authors comment that information 
obtained by X-ray microanalysis may be 
considerably enhanced by the use of complimentary 
experimental methods. To what extent can direct 
comparisons be made between the various 
experimental techniques available for heavy metal 
determination? 
Authors : This paper is not the appropriate place 
to offer a comparison of the full range of 
available techniques of metal analysis. For 
detailed descriptions of non-microprobe methods 
which do not provide a correlation of morpho-
logical and chemical information and, with 
exceptions such as n.m.r. and e.s.r., are 
destructive, the reader is referred to Christian 
G.D. and O'Reilly J.E. (1986) eds. Instrumental 
Analysis, 2nd edition, pp. 933. Allyn & Bacon 
Inc., Boston. 
Microprobe techniques are uniquely capable 
of analysing defined structural components often 
with a high degree of spatial resolution. 
Occasionally, this information is difficult to 
interpret in isolation. Interpretive 
difficulties are if data input from 
complementary sources ( chemical and morphological 
information) is available. For example, EPXMA 
could possibly be used to considerable advantage 
to extend the localization. studies such as those 
recently reported by White C and Gadd GM (1986, 
Uptake and cellular distribution of copper, 
cobalt and cadmium in strains of Saccharomyces 
cerevisiae cultured on elevated concentrations of 
these metals. FEMS Microbial. Ecol. 38, 277-283) 
using a combination of radioisotope labelling and 
cell fractionation. Secondly, microprobe data 
can be very limited. For example, X-ray 
microanalysis can demonstrate the co-existence of 
Cd and S within a cellular compartment (and it 
can quantitatively determine the Cd:S atomic 
ratio). However, biochemical techniques are 
required to demonstrate that the major proportion 
of the Cd burden of an organ is bound by 
cysteine-rich metallothionein. Immunocyto-
chemical techniques would be required to 
demonstrate that the Cd-metallothionein is 
located within the Cd/S-rich cell compartment 
A.J. Morgan and C.Winters 
identified by microprobe analysis. It is quite 
obvious that the information derived from these 
approaches is additive, although not strictly 
comparable. 
Finally, for a comparison of the 
sensitivities, lateral resolution, 'signal' 
detected, depth of penetration, imaging 
capability etc. of the various microprobe 
techniques (i.e. PIXE, EELS, LAMMA, SIMS), see 
Hall & Gupta (1983; Table 10, below). In 
addition, techniques such as soft X-ray 
microscopes (Howells M, Kirz J, Sayre D, Schnall 
G, 1985. Soft X-ray microscopes, Physics Today. 
August 1985, 22-32) may also contribute to 
metal-pollution studies (see Richards KS et al., 
1986. Soft X-ray contact microscopy, using 
synchrotron radiation, of thin-sectioned lead-
contaminated chloragogenous tissue of the 
earthworm Dendrobaena rubida. J. Microsc. ~. 
1-7). 
S.G. George: In my mind, there are two 
exciting areas where progress in the under-
standing of metal/structure/physiological 
relationships may be made. In the first, some 
progress has already been reported, that of 
studying effects of heavy metals on macro 
electrolyte balance (Na, K, Ca, and Mg). The 
other (approach) would be to use the potential 
afforded by the light microscopy/laser microprobe 
mass spectrometer instrument (LAMMA), where 
pulse-chase experiments could be done and the 
changes in cellular compartmentation followed in 
cryostat sections. An alternative would be to 
use mass detectors in the scanning EN. 
Authors: Thank you for your comment. 
G .M. Roomans Could you comment on the 
importance of Al in environmental pollution, and 
the reason(s) why this element has received 
relatively little attention? 
Authors : Over the past few years, .. acid rain .. 
has become a serious environmental problem in 
Europe and the United States, especially in 
regions where the bedrock is slowly weathered and 
thus possesses a low natural buffering capacity 
(Environmental Resources Ltd., 1983, Acid Rain : 
A Review of the Phenomenon in the EEC and 
Europe. pp. 159. Graham & Trotman Ltd., 
London). The acidification of rain is caused by 
gaseous atmospheric pollutants derived from the 
combustion of fossil fuels. Acidic precipitation 
(pH < 5.6) increases the mobility and bio-
availability of several metals within soils and 
lake sediments. Current views suggest that the 
problems emanating from acid deposition are 
persistent due to the storage and slow release of 
atmospheric pollutants within soils (Peara F, 
1986 - Unrnvellit1g a century of acid pollution. 
New Scientist No. 1527, 23-24). Aluminium is 
released from soi-rs-- and sediments by acid 
deposition, and it has been demonstrated that 
this metal is implicated in ecosystem 
degredation, including fish kills (Karlsson-
Norrgsen et al., 1986a, 1986b, J. Fish Diseases 
9, 1-9, 11-25; Robinson & Deano, 1986, 
International Laboratory, Sept. 1986, 14-28). 
The target organ affected by Al is the gills, 
where the metal precipitates causing mucus 
clogging and electrolyte imbalance. Some 
evidence from acidified Norwegian lakes suggests 
that Al may have similar effects on the 
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X-ray microanalysis of pollution 
respiratory surfaces of Crustacea (Roos, personal 
communication). However, Al toxicity has 
received surprisingly little attention from 
microprobe analysts, possibly because Al is 
frequently encountered as an extraneous signal 
derived from instrument parts. This technical 
problem is easily resolved. Therefore, it is 
anticipated that given the wide-ranging and long-
term environmental impact of this pollution (with 
the attendant economic, natural-resource and 
amenity-resource implications), microprobe 
studies of Al distribution and its cellular and 
sub-cellular chemical damage within the target 
organs, and tissues of plants and animals will be 
forthcoming. 
D. Sigee The authors emphasize metal seques-
tration in cells, particularly in reference to 
granular inclusions. Do they consider that other 
parts of the cell, such as the cell wall (plants) 
or chromatin, can be equally important in 
pollution studies? 
Authors We agree with the implied sentiment 
expressed in this question. Of course, we would 
like to know a good deal more about the 
roles played by all parts of a target cell in the 
detoxification process;· this includes the 
transport of a metal toxicant across membranes, 
the induction of certain specific metal-binding 
ligand synthesis, the turnover of binding 
ligands, the possible exocytosis of metal-
accumulating domains such as lysosomes etc. 
However, apart from our limited knowledge of such 
phenomena, the foremost reason that the 
discussion in this paper was restricted to a 
treatment of metal-rich granules and vacuolar 
structures is that the microprobe, with its poor 
minimum detectable limits, confines the analyst 
to the examination of relatively high local 
concentrations of elements. Other microprobe 
techniques may increase our present knowledge of 
cellular metal metabolism because they are more 
sensitive than EPXMA, although in some cases the 
lateral resolution and/or imaging capabilities of 
these instrument may be restrictive (see Table 
10 - summarized information derived from Hall & 
Gupta, 1983). 
D. Sigee What criteria can be used to 
distinguish between naturally occurring 
functional or structural metal reservoirs and 
metal accumulation arising from environmental 
pollution? 
Authors : It is not easy to distinguish between 
cellular compartments which store and release 
essential ions and those that immobilize and 
detoxify ions, not least because the composition 
of the domain is not necessarily helpful. A 
better insight may be obtained by a careful study 
of the development and fate of the compartment 
under different experimental and environmental 
conditions. However, Simkiss et al. (1982a), 
whilst acknowledging the difficulties of inter-
preting the accumulation of metals as evidence of 
detoxification, did offer some criteria that may 
be adopted as evidence that detoxification exists 
within a cellular compartment (i) that the 
organism possesses a increased tolerance to a 
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specific toxicant as a result of the activity of 
this compartment; (ii) that the activity of the 
compartment is induced by the presence of the 
to xi cant; (iii) that the compartment is a 
discrete entity that effectively removes the 
toxicant from contact with the vital activities 
of a target cell or target organ; (iv) that the 
activities of the accumulating compartment ensure 
that the toxicant is ultimately excreted as a 
non-toxic product. 

